A silica clad optical fiber with a core comprised of SiO 2 , P 2 O 5 , Al 2 O 3 , and AlPO 4 is analyzed in order to determine the impact of AlPO 4 when added to silica. A chromatic dispersion curve is presented, from which the nonlinear refractive index is estimated to be similar to that of silica. When doped into SiO 2 , AlPO 4 decreases the thermo-optic coefficient (slightly), decreases the acoustic velocity, broadens the Brillouin spectral width through increased viscoelastic damping, and reduces the strength of the dependence of Brillouin frequency on temperature. Findings herein indicate that AlPO 4 has a near-zero value of p 12 . It also is found that the fiber does not have complete AlPO 4 formation, with some P 2 O 5 formation in Al 2 O 3 -rich regions of the fiber. Given the relevance of AlPO 4 to high power active fiber technology, the presented data can be used for designing fibers with enhanced performance characteristics, such as those with elevated threshold for the onset of stimulated Brillouin scattering.
Introduction
High power fiber lasers have matured considerably over the past two decades, and a number of excellent reviews devoted to the topic can be found in the literature [1] - [9] . As is outlined in these reviews, power scaling in fiber lasers, specifically single mode fiber lasers, is not endless, but, rather, can be limited by one or more of several nonlinear phenomena. The dominant nonlinear process depends strongly on the requirements of the fiber laser (e.g., narrow linewidth, high peak power, multi-wavelength, etc.). As such, power scaling efforts have largely focused on enhancing the mode size in the fiber in order to decrease the light intensity. In conventional step index fibers, this could entail decreasing the numerical aperture (NA) and increasing the core diameter of a silica clad fiber [10] , although such fibers can become difficult to fabricate. Reduction of the NA also can be accomplished through pedestal fiber designs, where the fiber possesses a high-index inner cladding surrounding the core [11] . Alternatively, the fiber may be microstructured to achieve effective single mode operation, with an excellent review that can be found in [12] .
Focusing now on refractive index (or NA) control, it is well known that both Al 2 O 3 and P 2 O 5 raise the refractive index when added to silica. The peculiarity of these dopants is when they appear together, as they can form the ࣕAl-O-Pࣕ structure (AlPO 4 ), which not only preserves the tetrahedral network [13] , but also reduces the refractive index when added to silica [14] . In this work, these three oxide compounds, Al 2 O 3 , P 2 O 5 , and AlPO 4 , are treated as three distinct materials, each bringing its own unique physical characteristics to the glass. While reference may be made herein to "Al" or "P," it is important to state that both are present as oxides within the glass, and therefore that this is not meant to imply their elemental speciation. Instead, this nomenclature serves as a convenient accounting method for Al and P, as the relative distributions of each of Al 2 O 3 , P 2 O 5 , and AlPO 4 are determined. As an illustrative example, the ratio "Al/P" is the ratio of total number of Al's in both the Al 2 O 3 and AlPO 4 phases to the total number of P's in both P 2 O 5 and AlPO 4 at some point on the fiber radial cross section.
Much work has been done to characterize the impact of AlPO 4 on the refractive index [15] , rare earth spectroscopy, and glass itself, when added to silica. For instance, Likhachev, et al. [16] showed that P-rich Er-doped fibers (where the molar content of P is greater than that of Al) have emission spectra resembling phosphosilicate glasses. Jetschke, et al. [17] showed that with proper composition such a system can be effective in suppressing photodarkening [18] , something corroborated by Deschamps, et al. [19] in P 2 O 5 -rich glasses possessing AlPO 4 . More recently, Kuhn, et al. [20] showed that even when the ratio Al/P is approximately unity, there may be incomplete formation of AlPO 4 leaving some residual in P 2 O 5 and Al 2 O 3 phases, respectively, having a significant impact on the core refractive index.
While substantial effort has been undertaken in developing fibers along the AlPO 4 join, there still are several fundamental unknowns regarding this material. The purpose of this paper is therefore to further elucidate and enumerate the influence of AlPO 4 when doped into silica. To achieve this goal, a fiber with a core possessing SiO 2 , P 2 O 5 , Al 2 O 3 , and AlPO 4 fabricated using the conventional modified chemical vapor deposition (MCVD) method, is analyzed. The core of this fiber has a varying ratio of Al/P across the radial dimension. Multi-wavelength refractive index measurements are performed in order to estimate the chromatic dispersion, and, from this, the nonlinear refractive index (n 2 ) is estimated and found to be nearly identical to that of silica. Brillouin spectroscopy also was performed on the fiber in order to determine the effect of AlPO 4 on the acoustic velocity, the Brillouin spectral width, and Brillouin gain coefficient. Furthermore, the findings here support that AlPO 4 formation in optical fiber need not be complete [20] , but it is suggested that this likely is a strong function of fabrication history.
Fiber Fabrication
For this work, a preform was fabricated by means of MCVD method. Using a silica substrate tube (Heraeus Tenevo F300) with an inner diameter (ID) of 19 mm and outer diameter (OD) of 25 mm, a core layer of P 2 O 5 was deposited on the inside of the tube. Once deposited, the substrate tube was removed from the lathe and prepped for solution doping. A solution of deionized water and aluminum chloride (AlCl 3 ; 99.999% purity, Alfa Aesar) at a ratio of 125 ml water and 150 grams AlCl 3 was mixed until it was fully dissolved in the water. The solution was pumped into the vertically mounted substrate tube and held for approximately 1 hour. The solution was then pumped out, and the tube interior was dried under nitrogen for an hour. After drying, the tube was remounted onto the lathe and fully consolidated into a rod with an approximate OD of 16 mm.
Once fully consolidated into a rod, the preform was drawn into fiber using a custom optical fiber draw tower (Heathway, Inc) at a temperature of approximately 2000°C. The desired fiber OD was 95 μm in order to achieve a near-single-mode operation. A UV curable acrylate coating (Desolite 3471-3-14) was applied during the draw process to the exterior of the fiber. The coated fiber was 
Experimental Details
With the goal of determining the influence of AlPO 4 as a dopant in silica, measurements are made to enumerate several physical characteristics of the fiber. These measurements have become a fairly standard set of tools used by these authors in the characterization of other optical fibers. Therefore, in order to spare the reader from verbosity, these methods are only briefly summarized below, and presented alongside a few relevant references should more details be desired.
Refractive Index
The refractive index profiles (RIPs) were measured using a form of spatially resolved Fourier Transform spectroscopy [21] . In order to determine the chromatic dispersion characteristics of the fiber, the refractive index differences (relative to silica) along two perpendicular directions in the fiber cross section were measured at seven wavelengths: 455 nm, 488 nm, 532 nm, 633 nm, 730 nm, 850 nm, and 978 nm. The spatial resolution in all cases was approximately 150 nm. As will be discussed, this measurement enabled the determination of the chromatic dispersion curve (hence Sellmeier coefficients) for the AlPO 4 dopant, along with an estimation of its nonlinear refractive index, n 2 .
Thermo-Optic Coefficient
To measure the thermo-optic response of the fiber, a ring laser cavity was utilized, with a segment of test fiber forming part of the ring cavity [22] . The laser itself can have hundreds to thousands of longitudinal lasing modes, all spaced at the laser free spectral range (FSR). The FSR is easy to measure by taking the laser output to a detector and measuring the beat spectrum with an electrical spectrum analyzer (ESA). Any change in test fiber temperature, T, (such as by immersing it into a thermally-controlled water bath) will result in a change in the laser FSR. Measurement of the FSR as a function of test fiber temperature reveals the fiber thermo-optic coefficient (TOC), dn/dT, from a simple calculation found in [22] .
Brillouin Spectroscopy
The Brillouin gain spectrum (BGS) was measured using a heterodyne approach [23] , [24] . In short, a narrow linewidth, amplified laser signal from an external cavity diode laser operating at a wavelength of 1534 nm is launched into one end of a short (usually less than a few meters to avoid exciting stimulated Brillouin scattering) test fiber through a circulator. The Brillouin back-scattered signal is collected from the third arm of the circulator, amplified, and analyzed with a fast PiN photodiode connected to an ESA. The local oscillator signal was taken from the partial reflection from the test fiber output facet. The measured Brillouin scattering frequency is used to determine the acoustic velocity (V a ) of the glass through the relationship V a = ν a λ 0 2n m , where ν a is the Brillouin frequency, λ 0 is the optical wavelength (1534 nm), and n m is the modal refractive index, which is calculated from the RIP. In order to determine the thermal response of the Brillouin signal, same measurement was repeated with the fiber inserted into a heated water bath at several different temperatures.
The absolute Brillouin gain coefficient (BGC, or g B ) was estimated by comparing the strength of Brillouin backscatter from the test fiber with that from a fiber of known BGC [25] , [26] , while using the theory that is found in [27] . In the experimental configuration, a segment of the test fiber is spliced to the fiber of known BGC, necessitating careful characterization of the consequent splice loss and background loss at 1534 nm (both are nearly negligible in the present case). The mode effective area that is used for the calculation is also calculated from the RIP. A few selected fiber properties (obtained through experimental measurement or theoretical modeling) are provided in Table 1 , with some becoming more relevant later in the paper.
Modeling
The fiber used in this study possessed the possibility of four constituents: Al 2 O 3 , P 2 O 5 , AlPO 4 , and SiO 2 . To model this system, a modern form of the Winkelmann-Schott [9] , [28] addition model was used to calculate the bulk properties of a mixture of glass materials. The general equation governing the mixture is given by
where g is the bulk characteristic of constituent i (i = 1, 2, 3, 4 for a quaternary system), x is the additivity parameter (often the volume fraction in this case), and G is the property of the aggregate bulk glass, such as refractive index, TOC, etc. The compositions throughout the remainder of this paper will be presented in terms of the mole % of constituent, and therefore the volume fractions can easily be calculated by knowing the molar volume of each constituent (molar mass divided by density) [29] , [30] . Mass density (ρ) of a mixture has long been calculated in this manner [31] . Aside from the RIPs, the subsequent measurements on the optical fiber are modal values (either optical or acoustic modes) and, therefore, to model the material properties, a step-wise approximation to the fiber profile is assumed, with a sufficient number of layers used to ensure that the calculations converged. Each layer is taken to have a unique composition, and, as a result, unique material properties (that also may be functions of T) from which modal values can be calculated. More details on the additivity of the material index (n) can be found in [13] and the acoustic velocity in [32] , both of which utilize the volume fraction as the additivity parameter, as do the TOC [22] , n 2 [33] , and Poisson ratio [34] . The model describing the coefficient of thermal expansion (CTE) has been modified from the form in Eqn. (1) , and that model can be found in [35] . The photoelastic constants (p 11 and p 12 ) have been found to be well-described by additivity in volume fraction, but they are carried through the refractive index via the stress and strain coefficients [34] . It should be pointed out that the doped core material often will have a CTE larger than that of a surrounding pure silica cladding, such as is the case here. As fiber temperature is increased, there is increasing pressure on the core as its thermal expansion is restricted by the much more voluminous cladding. This has a secondary influence on the core index and acoustic velocity that enters into the model as a correction [22] , [36] . More details on these various models can be found summarized in [9] , and the model utilized to calculate the acoustic modes can be found in [37] , [38] .
To use the model, the physical characteristics for the SiO 2 , P 2 O 5 , and Al 2 O 3 constituents are first assumed to be fixed to those that can be found in [39] (SiO 2 and Al 2 O 3 ), [40] (SiO 2 Sellmeier coefficients), [33] (Al 2 O 3 Sellmeier equation), and [36] , [41] , [42] (P 2 O 5 ). The parameters for AlPO 4 then are used as fit parameters, adjusting them until the calculation matches the measurement. These then are taken to be the bulk characteristics of "amorphous AlPO 4 ." To begin, an assumption for the mass density is required. As stated by DiGiovanni, et al. [13] , "the two structures AlPO 4 and 2SiO 2 contain the same volume, but the AlPO 4 unit has slightly more mass." Therefore, the mass density of AlPO 4 is taken to be that of SiO 2 (2200 kg/m 3 ) scaled up by the ratio of the molar mass of AlPO 4 to 2SiO 2 , giving 2233 kg/m 3 . Next, the refractive index model is fitted to the data in [13, Fig. 3] in order to achieve a benchmark refractive index value. The index values used here (from [40] ) are somewhat different than those in [13] , where they use a value of 1.458 at 623 nm for pure silica. Using the data from [40] , this same index is obtained at 601 nm, and therefore, the values presented here will be those identified with 601 nm. Fitting the model to the data (see Fig. 2 ) for the binary (SiO 2 -AlPO 4 ) glass gives a refractive index of 1.4528 for 'fictitious' pure, bulk, amorphous AlPO 4 at a wavelength of 601 nm. This value will be used later in the paper. It should be pointed out that the model here is not linear across all compositions, as it is in [15] . However, it can be approximated as linear across small compositional ranges. Additionally, although the (empirical) model is not meant to suggest anything relating to the specific bonding nature of the glass, it can, as will be shown, provide meaningful qualitative insight, such as estimation of the proportion of Al 2 O 3 and P 2 O 5 that do not react to form AlPO 4 [20] . Fig. 3 shows the results of the multi-wavelength RIP measurements. The RIP has some structure, but the high apparent NA of the fiber clearly is dominated by the aluminum rich region in the central part of the core. It also is obvious that the outer doped region, consisting of similar molar concentrations of Al and P, has a reduced index, to just above that of silica. This region, therefore, takes on the role more so of an inner cladding structure for the fiber, rather than being part of the core. Calculations disclose that this fiber supports the LP 01 , LP 02 , and LP 11 modes at 1534 nm, making it few-moded, although operating near to cutoff at that wavelength. Additionally, two-dimensional RIPs showed that this fiber possesses slight ellipticity, mainly confined to the outer regions, beyond a radial position of about 5 μm. As a result, vertical and horizontal RIP linescans were averaged for the analysis. Finally, there is a clear reduction in the value of the index difference with increasing wavelength, as shown in the closeup in Fig. 3(b) .
Results

Refractive Index
The compositional data shall be used for the modeling efforts, however, there are WDX data points at only a finite number of positions which do not necessarily overlap with RIP sampling positions. As a result, the RIPs were interpolated using commercial software (Wolfram Mathematica) at the positions of the WDX measurements. The set of analyses begins with the assumption that the formation of AlPO 4 was complete, meaning that all available Al 2 O 3 + P 2 O 5 pairs created 2AlPO 4 . As part of this assumption, the balance is of the form of Al 2 O 3 . Using the model described above for the refractive index, and using Sellmeier coefficients for SiO 2 [40] and Al 2 O 3 [33] , the refractive index required of AlPO 4 to have the model match the measurement is calculated for each of 10 WDX data points between radial positions of −4.25 μm and 4.75 μm, and at each of the measurement wavelengths. The result is shown in Fig. 4(a) for the five positions for r > 0 (positions for r < 0 are left off for visual clarity). Also shown in Fig. 4(b) is the index difference between silica and AlPO 4 at each of the WDX data positions at a wavelength of 978 nm. Putting aside the uncertainty in the assumed refractive index values of either of, or both, silica and alumina, and errors in the WDX measurements, the results clearly suggest different ratios of incomplete AlPO 4 formation at the different radial positions. Interestingly, all but one (r = 3.75 μm) of the measurements gives refractive index values above that of SiO 2 with the relative requisite AlPO 4 index increasing towards core center. As calculated and discussed further below, the core center possesses the highest percentage of phosphorus that does not form AlPO 4 .
Next, the chromatic dispersion curve is approximated with the assistance of the data in [13] and the result embodied by Fig. 1 . As discussed in Section 4, the AlPO 4 refractive index is 5.2 × 10 −3 below that of silica at 601 nm. Given the similarity of the shapes of the SiO 2 and AlPO 4 dispersion curves (according only to Fig. 4 (a) SiO 2 and the 3.75 μm position), the r = 3.75 μm data is uniformly shifted downward (via subtraction) such that the index at 601 nm roughly matches the value 1.4528. The result of this action represents a best estimate for the chromatic dispersion curve for the AlPO 4 dopant and is shown in Fig. 5 with comparison to the chromatic dispersion curve for SiO 2 . Considering the Sellmeier equation, the best fit is given by a single-oscillator (with wavelength λ in nm) as This result may be used with the Boling-Glass-Owyoung (BGO) approximation [43] to estimate the nonlinear refractive index, n 2 . Using the expression
where n d is the refractive index for AlPO 4 at the wavelength of the helium d line (587.56 nm), and v d is the Abbe number, the nonlinear index for AlPO 4 is calculated to be 0.97 × 10 −13 esu (2.81 × 10 −20 m 2 /W at λ = 1 μm). Within experimental uncertainty, this is nearly identical to that of SiO 2 derived from the data in [40] (0.92 × 10 −13 esu or 2.66 × 10 −20 m 2 /W at λ = 1 μm). Therefore, the addition of AlPO 4 is expected to have essentially no influence on the strength of the Kerr nonlinearities when added to silica, although this requires further experimental validation. Next, the deduced chromatic dispersion data will be used to estimate the proportion of non-joined Al 2 O 3 and P 2 O 5 , resulting in excess Al 2 O 3 and P 2 O 5 (which serve to raise the refractive index). In this case, the same refractive index values for silica and alumina are again assumed, and the refractive index of AlPO 4 is taken to be that in Fig. 5 . Then, with incomplete AlPO 4 formation, the system is assumed to be a quaternary glass comprised of constituents SiO 2 , AlPO 4 , P 2 O 5 , and Al 2 O 3 . The refractive index of P 2 O 5 (0.044 above that of silica) is taken from [41] . Since the index in [41] was measured at ∼1 μm, this analysis will be performed only at 978 nm. Finally, with all these details in place, the composition can be described to be (for clarity, the WDX data points analyzed here are all in alumina rich regions)
where α is the molar concentration of P 2 O 5 that did not react to form AlPO 4 . β and γ are the Al 2 O 3 and AlPO 4 concentrations, respectively, assuming complete join formation. The model then is used to determine that α which is necessary for the modeled refractive index difference to match the measured value. The result of the calculated composition of P 2 O 5 , Al 2 O 3 , and AlPO 4 is shown in Fig. 6(a) , and the percentage of phosphorus that does not form AlPO 4 is shown in Fig. 6(b) . Interestingly, in all Al-rich layers there appears to be some P 2 O 5 that forms, ranging from about 0.3 to 1 mole %, and presenting a hint of azimuthal symmetry with a pair of local maxima at r = 2.5 μm. This distribution is in some contrast to the results in [20] (where more complete AlPO 4 formation Fig. 7 . Measured Brillouin signal from the optical fiber and modeling fit (red line). The green curve is a single Lorentzian function that has the same integrated intensity as the measured data from 11.2 GHz to 12 GHz. The spectrum at frequencies less than 11.2 GHz was dominated by the system response and is not shown here. The arrows indicate the position of the modes according to the model in [37] .
was observed in glasses with excess Al 2 O 3 or P 2 O 5 ), however, this most likely stems from differing optical fiber processing conditions.
Thermo-Optic Coefficient
An attempt was made to calculate the CTE using the model in [35] from the data in [13] . In short, these efforts were unsuccessful. Calculations varied by over an order-of-magnitude, and therefore a reliable CTE could not be extracted from the data. Instead, a baseline estimate could be made with the assistance of data for crystalline AlPO 4 , called "berlinite" [44] . Averaging the CTE across the two provided lattice constants gives 12.8 × 10 −6 K −1 , quite high when compared with that of pure silica. The TOC measurement was somewhat unreliable due to difficulty in maintaining single mode operation in the fiber. Since the fiber was close to single mode, the fiber could successfully be coiled to strip the higher order modes (HOMs) from the optical fiber. However, this also introduced birefringence that resulted in polarization-related effects in the measurement. Depending on the fiber configuration, TOCs in the range of 10.3 × 10 −6 K −1 to 11.5 × 10 −6 K −1 were observed. A best effort was undertaken to configure the fiber so that it could offer repeatable measurements, and a few somewhat repeatable numbers in the vicinity of 10.72 ± 0.05 × 10 −6 K −1 were observed. Using this central value, and the AlPO 4 CTE presented above (CTE data for the other constituents may be found in [35] ), the TOC for AlPO 4 is calculated to be 8.3 × 10 −6 K −1 (or about 20% lower than that of SiO 2 ). However, if considering the minimum and maximum measured TOC value, the calculated TOC for AlPO 4 can vary from 5.1 × 10 −6 K −1 to 14.6 × 10 −6 K −1 , which is around 75% uncertainty from the central value. Further work is underway to try to gain a better grasp of this value by fabrication of single-mode fibers with similar composition. There may also be further secondary influences from the distribution of CTE within the fiber. Interestingly, this value is not far from that of silica, even though P 2 O 5 has a negative TOC [22] , further illustrating the distinct behavior of AlPO 4 . Fig. 7 shows the measured Brillouin spectrum with a multi-peak Lorentzian fit. While the high frequency tail of the central peak (located at 11.5704 GHz) roughly follows a Lorentzian function, several additional peaks at the low frequency side were observed, corresponding to acoustic modes residing in the inner cladding (low-index high-AlPO 4 region of the fiber). Using the acoustic velocity of pure silica and the calculated modal refractive index of the fiber at 1534 nm (n m = 1.45247), the Brillouin frequency in the outer cladding is calculated to be 11.305 GHz, setting the boundary between guided and anti-guided acoustic modes in the measured spectrum. More specifically, modes with frequencies greater than this value are acoustically anti-guided. Fitting results show that the Brillouin signals for the anti-guided modes have a full-width at half-maximum (FWHM) of 95 MHz, while the guided modes have a narrower FWHM in the vicinity of 50 MHz, indicating less loss for the guided acoustic modes. This is discussed further below.
Brillouin Spectroscopy
Using the methodology summarized in Section 3.3, the fiber has an as-measured BGC of 0.175 × 10 −11 m/W. However, calculation of the BGC of the material, as is required to deduce p 12 , from such a multi-peak Brillouin signal is somewhat challenging. To do this, a single Lorentzian function with the same central frequency and FWHM as the main peak is assumed, and with an amplitude set such that its integrated intensity is the same as that of the measurement data in the wavelength range from 11.2 to 12 GHz. This way, the BGS reduces from a multi-acoustic-mode on to an effectively single-anti-guided acoustic mode, and from which material properties may be calculated. This result is shown as the green line in Fig. 7 , which indicates a peak value increase of 1.689 times. Taking this into account, the single-frequency BGC is calculated to be 0.295 × 10 −11 m/W.
The acoustic system is modeled using the theory that can be found in [37] . First, the core is approximated by 5 layers corresponding to the WDX measurements. In each of these layers, the quaternary glass composition then is taken to be that derived in Fig. 6 , such that the acoustic properties of those layers can be calculated from these compositions. Finally, the acoustic velocity of AlPO 4 is used as a single fitting parameter that is adjusted until the calculated acoustic mode phase velocity matches that of the fiber. This final calculated acoustic velocity for AlPO 4 is 5393 m/s. Therefore, it can be concluded that AlPO 4 decreases the acoustic velocity when added to silica. The acoustic velocities used for P 2 O 5 and Al 2 O 3 in the modeling were 3936 m/s and 9790 m/s, respectively, so the acoustic velocity of AlPO 4 is conclusively less than the average of those two values. This value also compares well with that calculated for bulk crystalline AlPO 4 berlinite (4942 m/s) from the c 11 elastic constant [44] . Finally, and for completeness, the acoustic mode frequency of 11.570 GHz gives an acoustic mode velocity of 6109.7 m/s, and the acoustic mode frequencies, according to modeling results, are identified in Fig. 7 with the arrows.
The model assumes an infinite cladding and therefore propagation constants are complex, thereby providing the waveguide-derived attenuation coefficients. When the acoustic mode phase velocity is greater than that of pure silica (the outer cladding), longitudinal waveguide loss can dominate, significantly broadening the spectrum [45] . When the phase velocity is lower, the acoustic mode propagates with relatively low waveguide loss, contributed to only by radial waves propagating from the core [46] . In the latter case, the BGS spectral width ( ν B ) is dominated by viscoelastic damping of the acoustic wave (i.e., the phonon lifetime). The fundamental mode is calculated to have a longitudinal waveguide attenuation that adds 37.9 MHz broadening to the BGS. Subtracting this from the fitted 95 MHz gives an intrinsic material-based acoustic attenuation of 57.1 MHz. Using the acoustic power overlap method outlined in [47] (see Eqn. (3)), the spectral width of AlPO 4 is fitted, again until the calculation matched the 57.1 MHz intrinsic linewidth. The result is a spectral width of 141 MHz at a reference acoustic frequency of 11 GHz, also coming in at less than the average of the P 2 O 5 and Al 2 O 3 values.
The next parameter to be presented here is an estimate of the Pockels photoelastic constant p 12 . First, the measured Brillouin gain coefficient, with the assumption that the fiber is effectively single-acoustic-mode is 0.295 × 10 −11 m/W. Since p 12 is a material-related quantity, the first step is to remove the effect of acoustic anti-guidance from this value. This can simply be done by scaling using the ratio of the measured spectral width (95 MHz) to the intrinsic value (57.1 MHz) giving a value of 0.49 × 10 −11 m/W. To calculate the gain, g B for each layer of the approximation was calculated using the expression [48] 
with the relevant quantities being those of the material comprising the layer (and υ B calculated at the mode frequency of 11.570 GHz). p 12 for the AlPO 4 component is the only unknown and therefore is used as a single fit parameter, looping until for the fiber g B = 0.49 × 10 −11 m/W is calculated. The additivity model [34] for the photoelastic constants requires knowledge of the Poisson ratio which we take to be 0.12, again with the assistance of crystalline berlinite [49] , although its value was found to not influence the calculations very much. To account for the radial distribution of g B , the following overlap calculation is performed
which becomes a sum of integrals for the layered approximation, with g B (r ) taking on the values for the layers, E 2 the normalized electric field power for the optical mode, and u(r ) is the normalized acoustic displacement vector. The integral without the g B components is the well-known acoustooptic overlap integral for the Brillouin interaction. Since g B is proportional to the square of the overlap integral [38] , this form was selected. As it turns out, integrating with g B (r ) (not its square-root) gives essentially the same result (within a few percent), as does a simple overlap integral between g B and u(r ), so the basic form of the overlap that is used does not significantly impact the results. That said, using p 12 = 0 for AlPO 4 gives g B = 0.53 × 10 −11 m/W for the quaternary glass core fiber, which is close to the target value of g B = 0.49 × 10 −11 m/W. So, the conclusion is that, as observed for the present fiber, p 12 has a value around zero for AlPO 4 . This result is somewhat surprising, since the other network formers, including GeO 2 , P 2 O 5 , and B 2 O 3 all have p 12 values more similar to that of silica (a list can be found in [50] ), although the result is consistent with other intermediates and modifiers including lanthana [26] , alumina [51] , and CaO [52] . Considering the theory that can be found in [53, eq. (19) ], and using the refractive index values determined by Eqn. (2) above, AlPO 4 would need to have a nonlinear polarizability value about three times that of silica to achieve the observed result for p 12 . Finally, the Brillouin signals at different temperatures are measured and Fig. 8(a) is a representative example that includes several of them. To determine the thermal response of the Brillouin signal, while avoiding ambiguity in the peak frequency due to the influence of HOMs, the frequencies are first measured at the normalized amplitude of 0.6 at different temperatures. The results are shown in Fig. 8(b) , with a linear fit giving a slope of 0.879 MHz/K. The same process considering normalized amplitudes of 0.5 and 0.7 gives similar results, with a variation of ±0.04 MHz/K. Calculating the influence by AlPO 4 , this gives a thermo-acoustic coefficient (TAC) in the range of −0.028 m/s/K and +0.159 m/s/K (0.066 m/s/K central value). This is less than that of silica, and a negative value would be consistent with results for crystalline AlPO 4 berlinite [44] where the elastic constant c 11 is found to decrease with increasing temperature. This calculation considered the TOC but did not consider pressure induced changes to the acoustic velocity [36] , since many previous woks by these authors have been similarly presented. By way of comparison, the addition of AlPO 4 to silica decreases the thermal response of Brillouin scattering much less than the addition of alumina.
Conclusions
A silica clad optical fiber with a core possessing SiO 2 , P 2 O 5 , Al 2 O 3 , and AlPO 4 was investigated in order to enumerate a wider range of effects of AlPO 4 on the optical and acoustic properties when added to silica. Modeling this quaternary system was accomplished via a relatively simple additive approach. First, multi-wavelength RIP measurements were provided at different radial positions on the fiber, with the goal of establishing a best estimate for the bulk, glassy AlPO 4 chromatic dispersion curve. Using the BGO approximation, AlPO 4 is found to have a value of n 2 that is about 6% higher than that of silica at a wavelength of 1 μm. It is therefore expected to have little or no impact on the Kerr nonlinearities. Its thermo-optic coefficient was estimated to be 8.3 × 10 −6 K −1 , but this data comes with 75% uncertainty and a single-mode version of this fiber will be fabricated to better characterize the TOC. The chromatic dispersion curve then was used with the measured refractive index data to conclude that an average of about 0.5 mole% P 2 O 5 exists in Al-rich regions of the fiber core, suggesting incomplete AlPO 4 formation.
With regard to the acoustic properties, AlPO 4 is found to contribute an acoustic velocity of 5393 m/s to the glass system, provide increased viscoelastic damping thereby broadening the Brillouin gain spectrum, and decrease the strength of the dependence of Brillouin scattering frequency on fiber temperature. The acousto-optic interaction is weakened through its reduction of p 12 when added to silica. Somewhat surprisingly, and inconsistent with other network formers, the data suggests a near-zero p 12 , consistent instead with some network modifiers and intermediates.
